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A NEW MICRO METHOD FOR MEASURING THE WATER-BALANCE OF THE
HUMAN SKIN. SALT CRYSTAL METHOD
II. METHODOLOGY AND CALCULATION *
F. A. J. THIELE, DRS. AND K. SCHUTTER
Many authors (Blank (1), Szakall (2, 3),
Mali (4, 5), Rothman (6) and others (7—16)) have
described the water-balance of the human skin,
and have related the water content with the
condition of the outermost layers of the skin.
They have ascertained that the water diffusion
through the human skin is regulated by a mem-
brane (the "barrier layer"), present in these
outermost layers. This membrane prevents un-
restricted loss of water from the human body.
It was generally realized that the water content
of the horny layer is determinative for its outer
appearance. The physico-chemical properties of
the scleroproteins, comprising more than half
of the horny layer, are also largely determined by
this water content. For this reason, skin phys-
iological investigations are directed towards the
important physiological phenomena inseparably
related with this water content, namely: a) the
water vapor transport through the outermost
layers of the skin (a dynamic constant), and
b) the absolute water vapor pressure at the skin
surface (a static constant). It was realized that
both phenomena, being physiological functions
directly related to the heat-balance of the human
body, could be studied quantitatively only when
an appropriate, quickly operating moisture-
meter for routine in vivo measurements became
available. This meter would have to enable the
quantitative detection of extremely small amounts
of water (0.1 to 30.0 gamma water/cm.2 mm.)
with reproducible results. Moreover, it would
have to allow of a simple determination of the
absolute water vapor pressure at the surface of
the skin. Many methods given for this quantita-
tive determination of water and water vapor are
unsuitable for in vivo determinations. Not only
are they time-consuming, but they also subject
the skin to abnormal conditions, thus interfering
with the natural "water-balance" of the skin: if
reliable information is to be obtained it is essential
that this natural equilibrium should be preserved.
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When, for instance, the moisture from the skin
is transferred to the measuring cell by means of
a carrier gas, these gas streams create abnormal
water vapor gradients. The same objection can
be raised to the use of silicagel or aluminium
hydroxide gel as absorbent for the moisture from
the skin; such absorbents are able to drain the
capillaries of the sweat glands by suction. Another
objection is that the glass or plastic measuring
cells and the connecting tubes of the various
types of apparatus often retain relatively large
amounts of water or allow moisture to diffuse
through the walls, so that only a part of the
total moisture is registered. Also of great im-
portance is that most of these moisture meters
do not enable the absolute water vapor pressure
at the skin surface to be determined rapidly.
Finally, the existing moisture meters have no
device for ensuring that the measurements are
not influenced by heat radiating from the skin.
All these considerations have been taken into
account in the development of an extremely
simple and sensitive electric moisture meter
with which the water vapor transport through,
and the absolute water vapor pressure at, the
skin surface can be simultaneously recorded,
in 10 to 20 minutes. A detailed description of
this meter, known as the "salt crystal apparatus"
together with how it operates, is given in Part
I of this article (18).
The registration is based on the changes in the
conductivity at the surface of a temperature
controlled halite crystal, resulting from the
adsorption of minute amounts of water evaporat-
ing under normal conditions from the skin sur-
face. Without this temperature control, the
temperature of the salt crystal would be ad-
versely affected by heat radiation from the skin
surface.
The apparatus is constructed of water repellent,
polished teflon, which because of the absence of
a water film on its walls prevents lipids from the
skin surface creeping and spreading over the
inside of the cell and over the surface of the salt
crystal.
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If the skin temperature is known—this being
measured with the appropriate Ellab meter
(Elektrolaboratoriet, Copenhagen)—it is possible
to calculate the relative from the water vapor
pressure as recorded by tbe moisture meter in
mm Hg. This relative vapor pressure is a measure
for the moisture content of the outermost layers
of the human skin. It is expressed as a percentage
of an optimum value which would be reached
if the skin were covered by a homogeneous water
film. This definition, given by Mole (7), is
analogous to that of the relative water vapor
pressure of the atmosphere. It expresses the
partial water vapor pressure at the skin surface,
as a function of the maximum saturation with
water at the relevant skin temperature.
The following detailed description of the
measuring method and of the calculation of the
results will underline the necessity of taking
atmospheric conditions into consideration.
METHOD
1) Apparatus and Measuring Procedure
a) Before starting a measurement the thermo-
stat in the water transport circuit of the moisture
meter is, within 0.5° C, adjusted to room tem-
perature, preferably between 21° and 24° C.
After approximately 30 mm. the temperature of
measuring cell and crystal is in equilibrium with
the thermostat temperature.
This equilibrium adjustment at room tempera-
ture is necessary to ensure that the conditions
initially prevailing on the skin surface of the test
subject are not disturbed during the measure-
ments.
b) The skin area to be measured (e.g. the inner
side of the fore-arm) should be previously bared
for at least 30 mm ., during which time the test
subject should relax completely.
For maximum relaxation, therefore, it is advisa-
ble for the test subject to lie in a reclining chair,
and for the measuring cell to be applied to the
skin by means of a spring-loaded holder (see Fig.
3). This also ensures constant pressure of the cell
on the skin.
c) Before applying the cell to the skin, the
following should be recorded:
i) the temperature of the skin, using an Ellab
meter or other appropriate thermocouple.
The average of 6 readings is taken. Turbu-
lence of the air in the surroundings of the
test subject must be avoided.
ii) the relative humidity and the temperature
of the measuring room, using a simple and
reliable psychrometer (Haenni/Switzer-
land).
2) Relaxation of the Test Subject
As mentioned under lb above complete relaxa-
tion is essential to obtain reliable and reproducible
information with regard to the trans-epidermal
water vapor transport. Holding the measuring
cell in the hand, sitting astride or lying in a
lateral position for 10 to 20 minutes, while ob-
serving the recorder, is often so strenuous that the
sweat glands may be activated and so influence
the measurement of the trans-epidermal transport
through the "water-barrier".
It is convenient to refer to the phenomenon of
an increased sweat gland function caused by
lying in a lateral position as the "pressure reflex"
(17); it does not occur when the subject is in the
prone or supine horizontal position.
3) Quantitative Determination and Calculation of
the Water Vapor Pressure at the Skin Surface
In part I we assumed that the water vapor
transport is proportional to the difference between
the water vapor pressure at the skin surface and
that at the salt crystal (18). Before the measure-
ment, of course, the water vapor pressure in the
measuring cell is equal to that of the atmosphere.
After placing the cell on the skin of the test
subject, the recorder needle traces a line on the
calibrated recorder paper, which moves at a
rate of 0.5 inch/mm. The curve obtained during
this registration period (i.e. from 0 mY to 10 mY)
is known as the "water vapor transport curve"
(see Fig. 1). It represents not only the extent and
rate of the water vapor transport through the
outer skin layers, but also, as will be seen, the
water vapor pressure prevailing at the surface of
the skin.
From this curve, the slope between 5 and 10
mY is calculated in mY/mm. By means of the
calibration curve (see Fig. 2), the vapor pressure
at the skin surface can now be calculated.
Example (Fig. la, and b). The skin temperature
of subject No. 21 was found to be 31.8° C. The
psychrometer gave an absolute humidity of 9.4
mm Hg. The room temperature was 23° C. The
water vapor transport curve la for this subject
was obtained at a crystal temperature of 23° C
(this being the temperature of the water in the
thermostat). The curve shows that the traject
between 5 and 10 mY (= 5 mY) was recorded in 3
minutes. Thus the slope per mm. is mV = 1.7
mY/mm. From the calibration curve (Fig. 2),
giving the relation between mY/mm. and the
water vapor pressure at 23° C it can be seen that
the water vapor pressure at the skin surface was
16.0mm Hg. Since the skin temperature previously
recorded was 31.8° C, the relative water vapor
pressure at the skin surface was 45%. It can be
seen that the slope of curve b in Fig. 1 was recorded
also in 3 mm. Thus the water vapor pressure was
again 16.0 mm Hg.
always equal to 75% of the water vapor pressures
of distilled water prevailing at these temperatures.
From Fig. lit can be seen that the water vapor
transport curve coincides for a certain period with
the base line. This induction period is the time
necessary for the cell to acquire the minimum
water vapor pressure at which the salt crystal is
moistened at a given temperature. These induction
periods are 7.5 and 4.5 mm. respectively for the
curves in Fig. 1. To improve the accuracy of this
reading the speed at which the paper passes the
recorder can be increased. The water vapor
pressure in the measuring cell, before it is placed
on the skin, is equal to the water vapor pressure
in the measuring room. In this experiment these
pressures are 9.4 and 10.5 mm respectively. The
amount of water, released by the skin during the
induction period, can be calculated when the
volume of the measuring cell is known.
The rate of the water vapor transport is
approximately directly proportional to the vapor
pressure gradient between the surface of the skin
and the measuring cell. However, this gradient is
not constant: it decreases with increasing water
vapor pressure in the cell. This rate can be ex-
pressed as:
FIG. 1. Water vapor curves obtained at a
thermostat temperature of 23° C and different
water vapor pressures in the measuring room
(9.5 and 10.5 mm Hg respectively).
4) Quantitative Determination of the Water Vapor
Transport Through the Skin
Calibration curves for the water vapor pressure
at various temperatures confirm that, dependent
on the temperatures of the salt crystal, the re-
corder needle does not leave the zero line of the
recorder paper until a certain water vapor pressure
is reached, in other words the salt crystal is not
moistened. In Fig. 2 these critical water vapor
pressures are represented by the intersections of
the calibration curves with the abscissae, viz.
14.0 mm at 21° C, 14.9 mm at 22° C, 15.8 mm at
23° C, and 16.8 mm at 24° C.
These values correspond exactly with the water
vapor pressures of saturated salt solutions at the
temperatures given. Without exception, they are
=KXp (1)
in which
Q = the transported amount of water vapor in
micrograms (gamma's =
= the time in minutes;
p = the difference between the water vapor
pressure in the measuring cell and the
water vapor pressure at the skin surface,
in mm Hg;
K = a proportionality factor.
The volume of the measuring cell (external
dimensions 3.5 X 4.5 cm and a measuring area of
5.1 cm2) is precisely 10 cm1.
When the water vapor pressure in the measuring
cell is, for instance (a) mm Hg, the cell then con-
tains 9.8 X (a) gamma water vapor (at 20° C).
This follows from the calculation below:
1 mole = 22.4 litres water vapor (STP)
weighs 18 g
Hence 10 cm3 weighs:
10 273 (a))< 10 X X X 18g = 9.8 X (a) gamma.
p 9.8
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Equation (1) can now be expressed as follows:
= Kx p
or
ja
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18 MM Hg
FIG. 2. Calibration curves for the teflon measuring cell obtained with the square wave conductance
measuring apparatus. Water vapor pressures as a function of the changes in recorder voltage at four
different thermostat temperatures (mV/mm.).
The value of (p) is known for 2 points of the curve,
viz.: (1) at the beginning of the measurement(t = 0) (2) at the moment (t) that the recorder
needle leaves the base line. Integration between
these 2 points gives:
Or
IdtJ0 p 9.8J0
( P0)
/pO\ KCin — 2.303 log ( — I = —pi \pt / 9.8
log po — logpi = 0.044Kt
From Fig. 1, (t) is found to be 7.5 and 4.5 mm. for
curves (a) and (b), respectively, and K can be
calculated and on substitution in equation (1),
dQ/di (i.e. the rate of the water vapor transport)
is found (gamma/mm.). When the value thus
obtained is divided by the area of the cell opening
(viz.: 5.1 cm2) the water vapor transport at the
moment the measuring cell is placed on the skin
is obtained (gamma/cm2 mm.).
Example. (Curve a) At a thermostat tem-
perature of 23° C, the water vapor pressure on the
skin surface was found to be 16.0 mm Hg. The
absolute water vapor pressure in the measuring
room was 9.4 mm Hg. Thus po = 16.0 — 9.4 = 6.6.
The curve started to leave the zero line after
7.5 mm. The intersection of the 23° C calibration
curve with the abscissa is at 15.8 mm Hg (see Fig.
2). Thus pt 16.0 — 15.8 = 0.2. This is the water
vapor pressure at which the recorder needle leaves
FIG. 3. Measuring cell (Salt Crystal Apparatus)in a spring-loaded holder, adjusted to a con-
venient pressure on the under-arm of a subject.
the zero line. The calculation is than as follows:
K — log 6.6 — log 0.2 1.518—
0.044 X 7.5
—
0.33
—
.6
The water vapor transport is therefore:
K X (Pskjn — Pmeouring room)
area of the cell opening
4.6 X (16.0 — 9.4) 6.0 gamma/cm2. mm.
(Curve b). The results in respect of curve (b) in
Fig. 1 are as follows: At an absolute water vapor
2 1
4
3
2
VAPOR PRESSURE
17
WATER-BALANCE OF THE HUMAN SKIN 109
pressure in the measuring room of 10.5 mm Hg,
the curve begins to leave the zero line after 4.5
mm. The calculation is further the same as under
Curve (a).
log (16.0 — 10.5) — log (16.0 — 15.8) = 0.044 Kt
K — log 5.5 — log 0.2 — 1.440 —
— 0.044 X 4.5 0.198
The water vapor transport is therefore:
7.3 X (16.0 — 10.5)
5.1
= 7.8 gamma/cm2. mm.
SUMMARY
In a previous article a detailed description is
given of a moisture meter for in vivo measure-
ments on the human skin. With this "Salt
Crystal Apparatus" it is possible quantitatively
to detect micro-amounts of water (0.1 to 30.0
gamma/cm.2 mm.), evaporating from the skin.
Simultaneously, the water vapor pressure at the
skin surface can be recorded. From this vapor
pressure, the relative humidity of the skin sur-
face can be calculated, which is a measure for
the moisture content of the outermost skin
layers.
The conditions which must be met in order
to enable these physiological functions of the
human skin to be registered and calculated will
be clear from the method described in this article.
The calculations reveal that the water vapor
pressure at the skin surface, and the extent of the
water vapor diffusion through the "water-barrier"
of the outermost skin layers, are directly related
to each other.
The results of this micro-determination of the
water vapor transport are completely reproducible
so that the technic is suitable for routine
measurements. This is also true of the determina-
tion of the absolute water vapor pressure at the
skin surface. In both cases the atmospheric
conditions must be accurately known.
It is now possible to express the "water-
balance" of the human skin as two numerical
values, and to investigate all deviations which
may result from interference of this system (the
state of equilibrium) by internal or external
sources.
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